Cellular immunity to Listeria monocytogenes infection was studied by assaying for antibacterial activity in fractions of leukocytes collected from the peritoneal cavity, lungs, and mammary glands of immunized sheep. The cells were collected in populations that were largely either macrophages or neutrophils. Mechanically disrupted cells were divided into nuclear, lysosomal, and supernatant fluid fractions and then subjected to freezing and thawing. Comparison with similarly treated rabbit cells showed that greater fragility exists in the lysosomes of sheep cells, as indicated by the amount of acid phosphatase activity released. Inhibition of bacterial growth was assayed in a broth medium at pH 4.6. As expected, nuclear and lysosomal fractions from neutrophils were inhibitory. Some antibacterial activity was found in nuclear fractions of macrophages. The lysosomes of macrophages collected from the peritoneal cavity and the mammary gland did not inhibit the growth of L. monocytogenes. Peritoneal macrophages were allowed to interact with sensitized lymphocytes and an avirulent strain of L. monocytogenes for 4 hr prior to disruption and fractionation, but antibacterial activity was not detected. Pulmonary alveolar macrophages from 5 out of 16 sheep contained Listeria inhibitory activity in their lysosomes. The mechanism was inhibitory but not bactericidal.
undefined, but it has been attributed to a nonspecific hyperactivation of macrophages in lesion sites (6) , to cytophilic antibodies on macrophages (13, 31) , and to delayed hypersensitivity (19) . In vitro studies on the interaction of macrophages and Listeria monocytogenes have shown that the "immune cells" resist the destructive effects of the organism and also suppress bacterial growth (18, 21) . More not be immunologically specific (5) . liowever, the same study also showed that mice had greater resistance against the organism to which they had been immunized. Youmans (36) has described evidence to show that macrophages from immunized animals possess both a nonspecific resistance and a specifically directed immune cell mechanism for intracellular killing.
It has been noted that macrophages from both normal and immune animals have increased numbers of lysosomes in their cytoplasm during in vitro incubation (3, 10) and following infection with Listeria monocy togenes (23) . The neutrophil granule has been shown to fuse with phagocytic vacuoles (40) , and this is followed by the killing of bacteria inside the vacuole (2) . It has been suggested by Zeya and Spitznagel (37) that the intracellular killing by neutrophils is due to the release of bactericidal cationic proteins from granules into the phagocytic vacuole. North (22) showed that mouse macrophage lysosomes fuse with phagocytic vacuoles containing Listeria with the release of lysosomal contents.
PHAGOCYTE FRACTIONS AGAINST LISTERIA
However, there is a notable lack of reports on the bactericidal properties of macrophage granules. It seemed important to investigate the interaction of these granules with bacteria and, in particular, the granules from those cells exhibiting the increased resistance associated with cellular immunity. Studies are reported here using macrophages from normal sheep andListeria-immunized sheep. Sheep were chosen as the experimental animal since they are commonly subject to natural Listeria infections and cellular immunity has been demonstrated in vitro with the peritoneal exudate cells of immunized sheep (21) . Macrophages derived from the peritoneal cavity, lungs, and mammary glands were investigated.
Cellular fractions from macrophages were compared with fractions obtained from the neutrophils of sheep and rabbits.
MATERIALS AND METHODS
Animals. The sheep were of cross-bred HampshireRambouillet stock. Animals were obtained from premises where listeriosis had never been encountered, and they were serologically tested to demonstrate an absence of mercaptoethanol-resistant agglutinating antibodies to L. monocytogenies (24 Neutrophils were also obtained from the peritoneal cavities of rabbits 6 hr after the infusion of shellfish glycogen (Mann Research Laboratories). The glycogen was sterilized with ethylene oxide and prepared in a concentration of 1 mg per ml in sterile 0.25 M sucrose solution. A 300-ml amount of this solution was injected intraperitoneally per rabbit. The cellladen fluid was obtained by paracentesis from the rabbits under ether anesthesia.
Macrophages. Macrophages from the mammary glands were collected from the same ewes that provided neutrophils by again washing out the glands with 10 ml of sterile 0.25 M sucrose solution 5 days after the infusion of bacterial lipopolysaccharide (26) .
Peritoneal macrophages were collected from the ewes 5 days after injecting 200 ml of sterile mineral oil (Drakeol 35VR, Pennsylvania Refining Co.) intraperitoneally. The peritoneal exudate cells were washed out in cold 0.25 M sucrose solution after slaughter of the animal.
Lung alveolar macrophages were obtained after removing the lungs from sheep which had been exsanguinated. The lungs were suspended by a clamp attached to the trachea, and sterile 0.25 M sucrose solution was infused into the bronchi. Endobronchial lavage was repeated several times, and the cell-laden liquid was collected by pouring the lung fluid into a sterile flask.
Peritoneal macrophages were obtained from rabbits 5 days after intraperitoneal injection of 50 ml of sterile mineral oil. The cells were obtained from anesthetized rabbits by introducing 300 ml of sterile 0.25 M sucrose solution into the peritoneal cavity. The cell-laden fluid was collected by paracentesis into a sterile flask.
Cell fractionation. All cell types were washed twice in sterile, chilled 0.25 M sucrose solution and were then disrupted with a Teflon pestle homogenizer (Tri-R Instrument Co.) by using the method of Cohn and Hirsch (4) . The progress of cell disintegration was followed by examining samples of cell homogenates under a phase-contrast microscope. Nuclei and large cytoplasmic fragments were centrifuged into a pellet at 3,000 X g for 20 min at 4 C (nuclear fraction). After the nuclear fraction was removed, lysosomes and some other subcellular particles were collected as a pellet by centrifuging at 15,000 X g for 10 min at 4 C (lysosomal fraction). The remaining supernatant fluid was also collected and retained. Samples were frozen and stored at -20 C.
The protein content of cellular fractions was measured by using the method of Lowry et al. (16) .
Acid phosphatase assay. An assay for acid phosphatase activity was carried out on 0.5 ml of cell fraction to which was added 0. (24) .
Antibacterial assay against L. monocytogenes. A growth inhibition assay was used similar to that described by Muschel and Treffers (20) . Twofold dilutions were made of the cell fractions in 1 ml of sterile Zobell's solution (pH 4.6). Listeria were grown in Trypticase soy broth on a shaker at 37 C for 18 hr. A 11o dilution of this culture was then made in fresh broth and incubated until a bacterial optical density (OD) of 0.15 + 0.01 at 640 nm was reached. The bacteria, which were assumed to be in the log phase, were washed twice in Zobell's solution (pH 7.0), and 0.3 ml of this bacterial suspension was added to the dilutions of cell fractions followed by an additional 0.7 ml of Zobell's solution (pH 4.6). The pH of the test mixture in some samples was as high as 5.5 in the first tube. After the first few dilutions of the cell fractions, the acidity increased to pH 4.6. After incubation for 1 hr at 37 C, 5 
RESULTS
Distribution of acid phosphatase among the subcellular fractions of sheep and rabbit neutrophils and macrophages. A comparative study of the effects of leukocyte disruption was carried out with neutrophils and macrophages from both sheep and rabbits. Data from the work of others on rabbit cells was also considered in reference to the results obtained here with sheep leukocytes. Because of the close association between acid phosphatase and lysosomes, the amounts of the enzyme activity among the subcellular components were used as an index of lysosomal content distribution (7) .
Cell counts for each type of leukocyte are shown in Table 1 . Cell preparations were identified according to the major cell type. The amount of acid phosphatase activity was considerably greater in the sheep macrophages than in the other cells. Table 2 indicates that the enzyme content was significantly greater in sheep macrophages at <5%-level of probability when compared to the other cell types.
As expected from the findings of other investigators, the per cent of acid phosphatase activity associated with the lysosomes of rabbit neutrophils was relatively high (56.4%"). More of the enzyme activity remained with the lysosomes from rabbit cells than remained with the sheep lysosomes (Table 2 ). Only 20.6%/o of the activity remained in this fraction of the sheep macrophages. The results suggested that there was leakage of contents from lysosomes after mechanical disrup- (24) . Figure 1 shows the serum agglutinating antibody response in sheep receiving three inoculations of the organism. The response curve is in contrast to the absence of IgG agglutinating activity plotted for three nonimmunized sheep. Previous studies had shown that the peritoneal exudate cells of sheep immunized in this way demonstrated the phenomenon of cellular immunity in vitro (21) .
Mammary neutrophils. Mammary neutrophils were collected at weekly intervals for a period of 7 weeks from six sheep. Neutrophils constituted nearly 90% of the cells. Three animals received immunizing inoculations during this period, and three remained uninoculated.
The results of assays for antibacterial activity from the neutrophil fractions are shown in Table  3 . As expected, there was anti-Listeria activity in all three cellular fractions. The activity was greatest in the nuclear fractions. There was a reduction of antibacterial activity from the lysosomes and supernatant fluid of neutrophils collected late in the experiment after the animals had served repeatedly as cell donors. Conceivably this might have been related to the lipopolysaccharide used to induce the neutrophils. Wiener et al. (34) found that lipopolysaccharide did not produce degranulation of neutrophils in vitro, but it did cause some loss of acid phosphatase from mouse peritoneal leukocytes if it was administered to the intact animal. The progressive loss of antibacterial activity in the sheep mammary neutrophils may have been due to increasing levels of locally produced antibody to the lipopolysaccharide resulting in phagocytosed antigen-antibody complexes which could cause neutrophil degranulation (27) .
Mammary macrophages. Mammary macrophages were also obtained from the sheep at weekly intervals. The samples contained nearly 80% macrophages and less than 4% neutrophils. Electron micrographs of the lysosomal cellular fraction revealed considerable numbers of lysosomes as electron-dense bodies. There were many vesicles of different sizes. Many of the empty vesicles were thought to be lysosomal membranes which remained after the loss of their contents. The heterogeneous nature of the preparations was also shown by the presence of mitochondria with their recognizable internal cristae and by clumps of ribosomes.
The mean antibacterial titers are recorded in cedure had altered the antibacterial capacity of the mammary macrophages.
Peritoneal macrophages. Peritoneal macrophages from nine immunized sheep were tested. The samples contained approximately 60% macrophages, 14% lymphocytes, and 23% neutrophils. A peritoneal macrophage obtained 5 days after intraperitoneal injection of oil is shown in Fig. 2 . A feature of the peritoneal macrophages was the extensive development of the golgi area and the convolutions and projections of the cytoplasmic membrane, suggesting activation of the cells. There was a relative paucity of recognizable lysosomes in many of these macrophages.
The antibacterial titers from each cellular fraction are shown in Table 5 . There was a small amount of anti-Listeria activity associated with the nuclear fractions from three of the animals. No antibacterial activity was detected in the lysosomal and supernatant fractions.
Lung alveolar macrophages. Lung alveolar macrophages were obtained from nine immunized sheep. The samples contained 93 %-macrophages, 5%O lymphocytes, and 1 neutrophils. The ultrastructure of lung alveolar macrophages is shown in Fig. 3 . Considerable numbers of lysosomes and other electron-dense bodies were seen. It was observed, however, that many of the lung macrophages were in various stages of degeneration. This was in contrast to the structural integrity of macrophages obtained from the peritoneal cavity and the mammary gland.
Antibacterial assays with lung macrophages yielded unexpected results. Four of the animals had high antibacterial titers in all subcellular fractions (Table 5 ). Peritoneal macrophages from the same animals were inactive or showed only minimal activity in the nuclear fractions. Mammary macrophages had been tested from three of the four positive sheep, and those cells had also been nearly devoid of antibacterial activity. Lung macrophage samples from the five remaining sheep demonstrated no antibacterial activity. Some samples from these nonreacting animals were tested, both at pH 4.6 and at pH 7, but no activity could be demonstrated. In addition, tests were performed with lung alveolar macrophages from seven nonimmunized sheep. One of the specimens had a high level of activity in the lysosomal fraction (titer of 512). That specimen and three others had antibacterial activity in both the nuclear and supernatant fluid fractions.
The antibacterial fractions from immunized sheep number 8 were used in an assay to test for their effect on Listeria colony formation in an agar medium. Colonies formed in numbers comparable to the controls, indicating that the mechanism was not bactericidal, although the lung macrophage fractions inhibited Listeria replication in broth medium.
Peritoneal (25) in the presence of fresh autologous serum. The leukocytes and bacteria were mixed in a ratio of 40 bacteria to 1 peritoneal cell, which yielded a phagocytic index of 6 bacteria per phagocyte. The mixtures were incubated in rubber-stoppered tubes at 37 C for 4 hr in a slowly revolving drum. The appearance of the parasite-host cell interaction is shown in Fig. 4 . Phagosomal membranes surrounded groups of ingested bacteria in which there were varying stages in the loss of internal bacterial structure. Active phagocytosis attested to the viability of the cells and the adequacy of the techniques for cell collection and handling. Electron-dense granular material was adjacent to the Listeria cells. Similar material was seen by Leake et al. (14) in rabbit alveolar macrophages after the ingestion of L. monocytogenes.
After incubation, the leukocytes were sedimented at 75 X g, washed in Zobell's solution at pH 7, homogenized with a Teflon pestle, and fractionated as described previously.
The avirulent isolate replicated so slowly that its presence in the antibacterial assays did not interfere with the interpretation of the growth of the virulent assay strain. Two experiments were carried out, but no antibacterial activity could be demonstrated in any of the cell fractions. DISCUSSION The nature of the microbicidal system of macrophages has not been revealed. Various studies on cellular immunity have demonstrated the enhanced antimicrobial activity of living macrophages and the apparent interactions between macrophages and lymphocytes (33) . Ultimately, however, investigators of cellular immunity wish to explain the phenomenon on a molecular basis. This investigation was an attempt to get beyond studies with living cells and search for inhibitory or bactericidal substances of the lysosomes of immune macrophages. Macrophages from immunized animals were used on the assumption that they might contain more inhibitory factors than normal macrophages or that they would contain additional factors. It was theorized that active substances of the lysosomes might bind with cellular components in whole-cell homogenates, thus rendering them inactive for an antibacterial assay. Therefore, the subcellular granules were separated from the remainder of the cell components, and their contents were then released by freezing and thawing. Assays were performed at acid pH to mimic the environment of the phagocytic vacuole. A pH of 4.6 was suitable since it did not affect the viability of L. monocytogenes, whereas further increases in acidity were inhibitory to the bacterium.
The search was not for increased amounts of acid hydrolases, but for a functional inactivating system that might best be detected in the macrophages of an antigenically stimulated host when tested against the homologous microorganism. It (9, 28) indicate the role of the "immune lymphocyte" in cell-mediated immunity to infectious agents.
Explanations of the mechanisms for microbial inactivation by neutrophils are emerging from recent studies. The cationic proteins of the lysosomes (38) and the myeloperoxidase system appear to be central in importance (29) . It seems a perversity that the macrophage has been so difficult to understand. The dissimilarity of antimicrobial mechanisms between the neutrophil and the macrophage appears to point to the uniqueness of the macrophage and its need to play a different biological role. The results of the experiments reported here emphasize the complexity of the antimicrobial system and the need to search for novel interactions between lymphocytes and macrophages in the state of cellular immunity. LITERATURE CITED
